Extensive studies of the crystal-rich inclusions (CIs) hosted in minerals in pegmatite have resulted in substantially different models for the formation mechanism of the pegmatite. In order to evaluate these previously proposed formation mechanisms, the total homogenization processes of CIs hosted in spodumene from the Jiajika pegmatite deposit in Sichuan, China, were observed in situ under external H 2 O pressures in a new type of hydrothermal diamond-anvil cell (HDAC). The CIs in a spodumene chip were loaded in the sample chamber of HDAC with water, such that the CIs were under preset external H 2 O pressures during heating to avoid possible decrepitation. Our in situ observations showed that the crystals within the CIs were dissolved in carbonic-rich aqueous fluid during heating and that cristobalite was usually the first mineral being dissolved, followed by zabuyelite and silicate minerals until their total dissolution at temperatures between 500 and 720 ∘ C. These observations indicated that the minerals within the CIs were daughter minerals crystallized from an entrapped carbonate-and silica-rich aqueous solution and therefore provided useful information for evaluating the formation models of granitic pegmatites.
Introduction
Crystal-rich inclusions (CIs) are a common and important type of fluid inclusion in granitic pegmatites, especially those rich in rare elements (e.g., Li, Be, Nb, and Ta) or gems [1, 2] . For example, CIs were reported by London [3, 4] from the Tanco Li-Ta and Afghan gem pegmatites. Subsequently, CIs were also found in the Keketuohai, Kelumute, and Kuwei pegmatites located in Altay, Xinjiang, China [5] [6] [7] , the Jiajika LiBe-Nb-Ta pegmatite deposit, western Sichuan, China [8] , the Ehrenfriedersdorf Sn-W pegmatite deposit, Germany [9] , the Orlovka amazonite granite, East Transbaikalia, Russia [10] , and the Borborema Pegmatite Province, northeastern Brazil [11] . Currently, the origin of CIs is controversial and has resulted in substantially different understandings for the formation mechanisms behind pegmatites [12] . London [13] [14] [15] [16] [17] regarded CIs as representative of a flux-rich hydrous melt boundary layer in his constitutional zone refining model. Thomas et al. [10, 11, [18] [19] [20] thought that CIs indicated the occurrence of liquid immiscibility in the granitic magma during formation of the pegmatite. Anderson et al. [21, 22] suggested a secondary origin for CIs due to a reaction between spodumene and an aqueous-carbonic fluid. These different interpretations need to be reevaluated utilizing additional microthermometric studies of CIs. This study provides additional and mostly new information about the properties of CIs in order to facilitate our understanding regarding the formation of the host mineral and pegmatites in general.
The internal pressures of CIs increase significantly during heating, and they tend to decrepitate before reaching the total homogenization temperature when heated in a conventional heating stage under one atmosphere external pressure. To prevent decrepitation, some previous homogenization microcline-albite type pegmatite; 4: albite type pegmatite; 5: albite-spodumene type pegmatite; 6: albite-lepidolite type pegmatite; 7: number of pegmatite dikes; 8: zoning line of different type of pegmatite; 9: zoning number of different type of pegmatite: I: microcline type pegmatite zone; II: microcline-albite type pegmatite zone; III: albite type pegmatite zone; IV: spodumene type pegmatite zone; V: lepidolite (muscovite) type pegmatite zone; 10: location of the cross section of number 134 pegmatite dike shown in Figure 2 .
studies of CIs were performed under elevated external pressures in cold-sealed pressure vessels [3, [18] [19] [20] . The homogenization processes were then reconstructed based on observations of the quenched CI instead of in situ observations. As a consequence, the validity of these interpretations regarding the temperature and processes behind homogenization remains uncertain.
To remove this uncertainty, we performed homogenization experiments of CIs from the Jiajika pegmatite under elevated external pressures in a hydrothermal diamondanvil cell (HDAC). This allowed in situ observations of the homogenization processes in the CIs and provided essential information about their formation.
Geological Features of Jiajika Pegmatite
Deposit, China
The Jiajika pegmatite in western Sichuan Province, China, is the largest mineral lithium deposit in Asia [23] . It consists of pegmatite dikes, which surround the granite body in both horizontal and vertical directions ( Figure 1 ). The wall rocks of the two-mica granite and pegmatites are schists metamorphosed from early Triassic mudstones and sandstones. The main tectonic features that control distribution of the pegmatites are joints and fissures that formed before or during emplacement. The rocks that host the Jiajika granite underwent multistage metamorphism during magmatism, ∘ is the direction of cross section. The labels "a" and "b" correspond to the "a" and "b" shown in Figure 1 for the cross section.
which led to the development of the five distinct metamorphic zones that surround the granite (from inner to outer): diopside, staurolite, andalusite-staurolite, andalusite, and biotite zones. The total area of the metamorphic zones is about 200 km 2 [8] . In the Jiajika deposit, a total of more than 500 pegmatite dikes are distributed in an area of about 60 km 2 . Based on the mineral paragenetic associations, each pegmatite dike can be divided into 3 to 5 mineral zones. These zones are based on a typomorphic mineral, such that the pegmatite dikes can be divided into five types: (I) microcline pegmatite, (II) microcline-albite pegmatite, (III) albite pegmatite, (IV) spodumene pegmatite, and (V) lepidolite (muscovite) pegmatite. The dikes radiate around the granite intrusion both horizontally and vertically from the inner to outer in sequence ( Figure 1 ). The dominant minerals of the Jiajika ore field pegmatites are microcline, albite, quartz, and muscovite. They coexist with rare-metal element-bearing minerals, such as spodumene, tantalite, beryl, thorite, and sicklerite ((Li, Mn)(PO 4 )), amongst others, and volatile-bearing minerals, such as tourmaline and fluorite [8] .
In the Jiajika ore field, number 134 dike, located 1.8 km away from Jiajika granite intrusion (Figure 1 ), is the largest pegmatite dike with an estimated Li 2 O reserve of about 500,000 tons (with a grade of 1.2% Li 2 O) in an area of about 1055 m long and 20∼100 m wide. Number 134 dike is hosted by an altered andalusite-staurolite mica schist, which was cordieritized, sericitized, and chloritized. The alteration zones are distributed in a circular shape around the pegmatite dike. This dike can be divided into an inner spodumene zone and an outer albite zone ( Figure 2 ). The spodumene belt occupies about 90 volume% of the dike and is mainly composed of spodumene, quartz, albite, and muscovite; no petalite or its remnants were observed. The spodumene crystals are euhedral plates with white or off-white color, (10-100) × (5-10) mm in size, and they have clear contacts with quartz and albite crystals. Quartz grows in the space among spodumene crystals ( Figure 3 ).
Fluid Inclusions in Number 134 Pegmatite Dike
There are three types of inclusions in spodumene in spodumene belt from number 134 pegmatite dike: CIs, CO 2 -H 2 O-NaCl inclusions, and aqueous inclusions. Most CIs with primary features are characterized by euhedral crystals commonly surrounded by an aqueous fluid ( Figures  5(a) , 5(b), and 5(e)), while the semieuhedral crystals are attached to the wall of the CI chamber or at the extreme ends of the CI chamber ( Figure 5 ). Raman spectroscopy showed that these CIs commonly contain cristobalite, which always coexists with zabuyelite (Li 2 CO 3 ) and occasionally with other minerals, including calcite, spodumene, lithiophosphate, and possibly cookeite [30] ( Figure 5 ). The estimated volume proportion of the total solid phases in the most of the CIs is about 5 to ∼60% ( Figure 5 , Table 1 ). The CO 2 phase occupies about 10∼80 volume% of the fluid phase ( Figure 5 ). Although not all CIs with primary features exhibit the same crystal/fluid ratio and CO 2 volume%, this type of CI in one FIA usually have a similar crystal/fluid proportion and CO 2 volume% as shown in Figure 4 (f). We also observed a few CO 2 -rich aqueous fluid inclusions with a similar shape and size as CIs at room temperature, which coexist with the CIs. They could be formed through necking of CIs as suggested by London [3] and Anderson et al. [21] . They also could be fluid inclusions that resulted from the crystallization of spodumene and/or other daughter minerals on the wall of the CIs from the entrapped liquid during cooling, such that they had no obvious daughter minerals. This origin is supported by the observation that the total homogenization temperatures (about 290 ∘ C) of many of these daughter mineral-free CO 2 -rich fluid inclusions are close to the homogenization temperatures of the fluid phases within the CIs [8] .
Many isolated CO 2 -rich fluid inclusions and a few crystalbearing inclusions, which are circular or elliptical in shape with sizes of 10 to ∼50 m and homogenization temperatures of between 220 and 565 ∘ C (Li and Li, 2015) , were found in quartz that grew among spodumene crystals.
Experimental Method
A hydrothermal diamond-anvil cell (HDAC; type V; Anderson et al. [24] ; Li et al. [25] ) was used in our homogenization experiments of CIs ( Figure 6 ). The CIs were hosted in seven spodumene crystals collected from different localities in the inner spodumene belt of number 134 pegmatite dike. This type of HDAC permits the use of a 50x objective lens for observing samples in situ for a long period of time at relatively high temperatures (near 850 ∘ C). As a result, we were able to extend the method and procedures, which are described by Schmidt et al. [31] and Darling and Bassett [32] , for homogenization experiments in an HDAC to much higher temperatures for melt inclusions. A spodumene wafer containing CIs together with water was placed in a sample chamber consisting of a hole (1.0 mm dia.) at the center of a Re gasket (3.0 mm dia. and 0.25 mm thick) placed between the two diamond-anvil faces (1.6 mm dia.). The sample was sealed with a vapor bubble of suitable size in the chamber by compressing and deforming the Re gasket with the two diamondanvil faces (Figure 7) , such that the sample was surrounded by a water pressure medium with a suitable bulk H 2 O density in the chamber. Because the spodumene crystals in the Jiajika deposit host so many CIs, it was not necessary to use the laser cutting method to prepare the sample as described by Darling and Bassett [32] . Samples of adequate size were prepared by breaking the doubly polished spodumene slides (<200 m in thickness) into small pieces (<1 mm in both dimensions), then selecting individual CI-bearing pieces for our homogenization experiments. Sample temperatures in the HDAC were measured with two type-K thermocouples with their temperature sensing tips attached separately to the two diamonds. The thermocouples were calibrated by the triple point of H 2 O (0.01 ∘ C) and the melting points of NaNO 3 (306.8 ∘ C) and NaCl (800.5 ∘ C); the reported temperatures were accurate to ±3 ∘ C. A Linkam temperature controller (Linkam TMS 94) was used to control sample temperatures, and a video system was used to record sample images through a Mitutoyo 50x long-working-distance objective lens.
As described by Bassett et al. [33] , the sample pressure in the HDAC can be calculated using the equation of state for H 2 O [27], at any temperature from the bulk H 2 O density in the sample chamber. Assuming pure H 2 O is the pressure medium, the bulk H 2 O density is determined by the homogenization temperature of the liquid and vapor phases (i.e., the temperature of disappearance of the vapor bubble). Because the fluid phases of H 2 O-CO 2 -NaCl in CIs homogenized (to liquid) at about 290 ∘ C [8] , the homogenization temperature of the H 2 O vapor bubble inside the HDAC chamber was adjusted to be near 290 ∘ C by sealing H 2 O with a vapor bubble of about 75 volume% of the sample chamber. This allowed a fast increase in the CI internal pressure, after homogenization of the fluid phases during heating. This was roughly balanced by the external pressures on the CI generated within the HDAC sample chamber such that stretching was minimized and the decrepitation of the CIs was prevented. This also prevented leakage of volatiles from CIs. During heating, the initial heating rate of 30 ∘ C/min was decreased to 1 ∘ C/min and then kept at this rate as the temperature approached the initial melting temperature of the daughter minerals. This allowed the melting to be kept at an almost equilibrium condition such that the measured temperatures were close to the actual temperatures at this slow rate of heating [34] . Also, the duration time of heating in our homogenization experiments was normally kept at less than 6 h, so that the possibility of fluid leakage from CIs was minimized greatly when compared with those in the experiments using coldsealed pressure vessels with long heating durations [35] .
Results
In our homogenization experiments, we selected 33 CIs with primary features that occurred either as isolated CI or in FIAs. Experimental results are listed in Table 1 .
During heating, the temperature at which the H 2 O vapor bubble disappeared in the HDAC ( hDC ); the homogenization temperature ( hF ; ∼290 ∘ C) and the homogenization state (St F ) of the fluid phase in the CIs; the initial dissolving temperature of crystals ( ID ; 400 to ∼500 ∘ C); and the temperature at which all crystals in CO 2 -aqueous fluid within the CI dissolved totally ( TD ; 500 to ∼720 ∘ C) were recorded (Table 1) . During heating, the first observed phase transition in the CIs was the homogenization of the CO 2 + an aqueous phase into a supercritical fluid with nearcritical homogenization (Table 1) . Cristobalite was usually the first phase dissolved in the supercritical fluid, followed by zabuyelite (Li 2 CO 3 ) and the silicate minerals until their total dissolution at TD (Figure 8 ). As shown in Table 1 , all the CIs have similar ID , and the CIs in the FIAs, with a similar volume proportion of solid phases, usually have a similar TD . As shown in Figure 9 , TD tends to increase as the volume proportion of solid phases in the CIs increases.
When compared with the original samples, we noticed the following changes in CIs after total homogenization at TD : (1) a small decrease in hF 's of the H 2 O-CO 2 -NaCl fluid phase when remeasured; (2) no glass or daughter minerals were observed in CIs during or after cooling ( Figure 10) ; (3) the sizes of CIs became smaller, especially those with high TD under the corresponding high external pressure (e.g., Figures  10(D-1) and 10(D-2) ).
The pressures in HDAC at TD were calculated from the bulk H 2 O densities obtained from hDC using the equation of state of H 2 O [27] . Results are listed in Table 1 and shown in Figure 11 . These pressures are external pressures on the spodumene of the CIs at TD . As shown in Figure 11 , they are within or near the stability field for spodumene in the system LiAlSiO 4 -SiO 2 -H 2 O.
Discussion
In our experiments, the selected CIs with primary features occurred either as isolated inclusions with the subhedral to euhedral negative crystal-shape of spodumene or in a FIA, in Crt the remaining liquid during crystallization within the CIs and enhanced crystallization [25, 36] . (2) The occurrence of cristobalite in the CIs indicates that the CIs were entrapped at relatively high temperatures, because cristobalite is stable at high temperatures [37, 38] and was formed due to a pressure decrease within the CIs, mainly resulting from crystallization of the zabuyelite [30] . (3) Cristobalite only occurred within the CIs, while the host spodumene grew together with quartz, indicating that the cristobalite was not an accidentally trapped mineral during the formation of the Table 1 .
CIs. Otherwise, quartz, rather than cristobalite, should be commonly observed in the CIs. (4) CIs in a FIA normally have a similar composition and ID and TD values, as shown in Table 1 , indicating that the CIs were entrapped in the same geological environment without alteration by late fluids. These features indicate that CIs with primary features in spodumene in the Jiajiaka deposit are primary in origin and that the study of homogenization processes of these primary CIs will bear directly on the origin of the host pegmatite.
In our HDAC experiments, most of the external pressures on the samples at TD were within the stability field of spodumene + quartz, as shown in the P-T phase diagram of the system LiAlSiO 4 -SiO 2 -H 2 O (Figure 11 ). There is no a priori reason for these external pressures to be the same as the internal pressures of the CIs. However, based on the phase diagram shown in Figure 11 , the external pressures listed in Table 1 are considered to be near the minimum formation pressure of the host spodumene, because of the absence of virgilite (LiAlSi 2 O 6 ), -spodumene, and petalite (LiAlSi 4 O 10 ) at the Jiajika deposit. Here, it was assumed that the strength of the spodumene crystal lattice to sustain the pressure difference between the inside and outside of the CI at TD is limited. The size of a few CIs became smaller while crystals were dissolving in the aqueous fluid during heating (Figures 8(a), 10(D-1) , and 10(D-2)), which indicates that the applied external pressure may be higher than the pressure within the CIs. This kind of volume reduction in the fluid inclusions was also inferred previously in homogenization experiments of fluid inclusions in the HDAC, where the total homogenization temperature decreased with an increase in the external pressure on the fluid inclusion ( [31] ; Darling et al., 2002; Li et al., 2015) .
Results from our homogenization experiments of CIs in spodumene in the HDAC indicate that, during heating, crystals within CIs dissolved in the carbonic aqueous fluid. Mustart [39] , Thomas and Davidson [40] , and Thomas et al. [11, 20] showed that, during heating, SiO 2 can be dissolved in alkali-and carbonate-rich aqueous fluid as alkali disilicates. Therefore, zabuyelite and cristobalite, the main daughter minerals in CIs, could dissolve into a carbonic aqueous fluid via the following reactions:
→ Carbonate and aqueous-rich liquid (1) As shown in Figure 9 , the more solid phases within a CI, the higher the temperature for dissolving all crystals into the aqueous fluid in the CI. These phenomena are in agreement with the observation that the solubility of quartz in an Na 2 CO 3 solution increases with and and is always much higher than its solubility in water under the samecondition [41] . When cooled to room temperature after the total homogenization experiment, the dissolved components appear to be deposited on the wall of the original fluid inclusion, such that its volume is decreased. In addition, some CO 2 may be released from the zabuyelite and subsequently lower hF 's of the H 2 O-CO 2 -NaCl fluid phase when remeasured after the first homogenization measurement.
TD 's listed in Table 1 are consistent with the crystallization temperature of spodumene in an aqueous fluid, which are 775 to ∼530 ∘ C at pressures of 600 to ∼300 MPa [25] . Also, these TD 's (500-720 ∘ C) are in agreement with the inferred crystallization pressure of spodumene of about 300 to ∼500 MPa for common and some rare-metal pegmatites [15] according to the phase diagram of LiAlSiO 4 -SiO 2 -H 2 O [26] . Therefore, the measured TD appears to be near the total homogenization temperature and thus could be considered as the minimum temperature for the entrapment of CIs.
The observed homogenization process in CIs indicates that a carbonate-rich aqueous fluid is able to transport the elements making up the minerals in the CI to the crystallization front in the pegmatite, as observed in the crystallization experiments of spodumene in the HDAC [25] . In addition, the compositions of the dissolved daughter minerals observed within the CIs indicate that this type of carbonate aqueous fluid is rich in silicate and alkali metals. Its composition appears to be close to that of hydrosilicate liquids with a low viscosity, high element diffusion, and a capacity for mass transport, enabling extreme concentrations of lithophile ore metals [42, 43] . These observations provide useful information for evaluating the formation models of the rare-metal pegmatites, such as those suggested by London [15] , Thomas et al. [19] , and Thomas and Davidson [40] .
Conclusions
A total of 33 CI homogenization experiments in spodumene from the Jiajika deposit, China, were performed in an HDAC, allowing for the in situ observation of the total homogenization of the CI at temperatures and pressures approximating the formation conditions for spodumene. Our approach prevented the decrepitation of CIs and eliminated the shortcomings of other experimental methods, including decrepitation of CIs during homogenization experiments at one atm. external pressure and erroneous conclusions based on analyses of quenched samples in experiments performed in cold-seal pressure vessels. Therefore, the HDAC is an ideal apparatus for effectively performing homogenization experiments of CIs under pressure, especially for fluid or melt inclusions enriched in H 2 O, CO 2 , and other volatiles that generate high internal pressure during heating.
In the homogenization experiments, the crystals within the CIs were dissolved in a carbonic-rich aqueous fluid during heating. The measured TD 's of the CIs were between 500 and 720 ∘ C, and pressures in the HDAC cell at TD were mostly within the stability field of spodumene + quartz. These TD 's can be regarded as temperature range for the entrapment of CIs. This temperature range is in agreement with the crystallization temperatures of pegmatites derived from other observations or measurements. These results indicate that CIs represent an entrapped carbonate-and silica-rich aqueous fluid. Overall the homogenization experiments provide useful information for evaluating various formation models of rare-metal pegmatites.
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